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Abstract 
Laser Beam Melting (LBM) represents a promising Additive Manufacturing (AM) technology that allows the layer-
based production of complex metallic components with very good mechanical properties suitable for industrial 
applications. In view of the increasing application of LBM in the field of the so-called Rapid Manufacturing many 
users of this technology demand suitable solutions for quality management and process monitoring. Another important 
aspect is the control of process stability which could be endangered by collisions between super-elevated part regions 
and the recoating mechanism. For that reason this paper presents two different approaches. The first system consists 
of a high resolution imaging setup. The second system uses an acceleration sensor to measure vibrations during the 
powder deposition. Furthermore this approach can be used to train the image analysis detection threshold. 
Experimental builds are performed to assess both systems’ potential to increase build stability. Finally, possible 
strategies to improve process stability are discussed.  
 
1 Introduction 
Additive Manufacturing (AM) offers many advantages 
for manufacturing of complex and individual parts. It 
provides tool-free production of physical parts from 
virtual solid models in a layer by layer fashion [1, 2]. The 
principle of layer creation characterizes the AM 
process [3]. Laser Beam Melting (LBM) as an AM 
process offers the opportunity of small batch production 
of complex metal components. Here, a thin layer of metal 
powder is deposited onto the build platform. In a next 
step the powder is molten into solid material by moving 
a laser beam across the current cross-section of the part. 
After this, the build platform is lowered and the two 
process stages are repeated iteratively until the solid 
metal part is fully produced. As a result of the process the 
produced components show very good mechanical 
properties, which are widely comparable to 
conventionally processed materials [4, 5] or in some 
cases even better [5]. The density of components reaches 
approximately 100 % [4], [6 - 8]. Potential applications 
for LBM components are located in the domain of 
medical implants, FEM optimized lightweight 
components, or the production of turbine blades with 
internal cooling channels [1, 2, 5]. It is widely accepted 
that the production of complex metal parts by LBM is an 
advantageous option in many cases. Despite this 
promising potential, today LBM is only used for some 
niche applications. Apart from economic efficiency and 
reproducibility of mechanical properties, quality control 
and process monitoring is a current field of intervention. 
Regarding the latter, some works were presented 
before [9 - 11]. With this paper we present two 
approaches for analysis of process stability of LBM 
systems. Both approaches’ potential to detect process 
instability is examined by experimental builds which 
address critical build parameters and critical overhanging 
structures. After comparing both approaches a 
combination of them and possible strategies to improve 
process stability are discussed. 
1.1 State of the art 
Due to high security requirements of some potential 
domains of applications and current standardisation 
efforts, a demand for suitable quality control for LBM 
technologies has been reported [12 - 14]. Thus far, some 
approaches to process control and process monitoring 
have been presented in literature. Kruth et al. monitor the 
current melt pool using a coaxial imaging system and 
control laser power to hold the size of the melt pool 
constant [14]. As the thermal conductivity of metal 
powder is about three orders of magnitude lower than that 
of solid metal [6] this system can improve the part quality 
for overhanging structures by lowering the laser power 
when the size of the melt pool shows fluctuations in these 
certain regions. Lott et al. [15] improve this approach by 
adding additional lighting to resolve melt pool dynamics 
at higher resolution. In [14] images of the deposited 
powder layers are taken additionally using a CCD 
camera. This enables the detection of coating errors due 
to a damaged coater blade. The approach of coaxial melt 
pool monitoring is already implemented in commercial 
LBM systems of CONCEPT Laser GmbH [16]. Other 
system manufacturers also offer modules for optical 
inspection of powder deposition [17, 18]. Doubenskaia et 
al. use an optical system consisting of an infrared camera 
and a pyrometer for visualisation of the build process and 
online temperature measurements [19]. All approaches 
previously mentioned feature an implementation into the 
optical components or the machine housing of the 
respective LBM system. This makes it elaborate and 
expensive to equip existing LBM machines with these 
systems. Moreover, the coaxial monitoring systems are 
limited to the inspection of the melt pool. The result of 
melting remains uninspected. The CCD cameras in [14] 
and [18] are used only to inspect the powder layer. 
Possible instabilities during the process which endanger 
process stability can only be detected when they appear. 
The origin of instabilities remains uninspected. 
Possible process errors that influence process stability 
were presented in [9] and [11]. One of the main reasons 
for interrupted processes or process breakdowns is 
jamming between recoating mechanism and elevated part 
regions. Those elevations mainly occur due to head 
accumulations at overhanging structures or in the stage 
of transition between support structures and solid part. As 
mentioned before, the thermal conductivity of metal 
powder is about three orders of magnitude lower than that 
of solid metal. Consequently the head of fusion at 
overhanging structures or support connection surfaces 
may not be completely conducted into the underlying 
material. Due to surface tensions of the melt a formation 
of spherical structures occurs, which is designated as so 
called balling phenomenon in literature. The probability 
of occurrence for balling depends on the material, the part 
geometry and the process parameters [20]. 
2 Method 
Experiments in this work are executed on an EOSINT M 
270 LBM system (EOS GmbH, Germany). Inconel 625 
powder is used as material, which is a nickel-base super 
alloy suitable for applications such as gas turbine blades.  
In a first step rectangular components are produced using 
different process parameter combinations which vary 
from low energy input to high energy input. The 
following experiment examines the production of 
specimens which feature increasingly overhanging 
angles. For analysing purposes all processes were 
documented using a high resolution imaging system and 
a vibration measurement system. A short description of 
these systems is given in the following sections 2.1 to 2.4.  
2.1 High Resolution Imaging 
For visual inspection of process instabilities a 
monochrome 29 megapixel CCD camera is used 
(SVS29050 by SVS-VISTEK GmbH, Germany) in 
combination with a tilt and shift lens (Hartblei Macro 
4/120 TS, Hartblei, Germany) which reduces perspective 
distortion. The imaging system is mounted to an 
adjustable tube construction in front of the LBM system 
which allows changing height and distance to the 
machine window (figure 1).  
Remaining perspective distortion is corrected by warping 
the layer images to an orthographic view. For this 
purpose calibration markers are “drawn” onto the build 
platform using the LBM machine’s laser. 
Figure 1: a) Camera setup in front of LBM machine 
Two orthogonally positioned LED line lights and matt 
reflectors on machine back and coater blade provide 
indirect lighting for image acquisition without specular 
reflections on part surfaces and optimum contrast for 
rotating scan patterns. Automatic image acquisition after 
powder deposition and laser exposure is triggered by 
limit switches of the machine’s coater blade and laser 
hour meter, respectively. For every layer two images of 
the result of powder deposition and melting are acquired, 
one for each light source. Layer images and associated 
metadata, such as acquisition and process parameters, are 
stored in a Hierarchical Data Format (HDF5) file, 
providing a single location for all relevant process 
information. 
2.2 Automated Elevation Detection 
Images of the deposited powder layer enable detection of 
elevated regions, as they are not covered by powder and 
are visible as light spots. A straightforward thresholding 
method can be used to segment elevated regions [10] and 
obtain their size and position.  
The accumulated area of detected elevated regions for 
each x position is computed to provide a measure of 
elevation severity encountered by the recoater, which 
moves in x direction (see figure 4, figure 5 and figure 6). 
Acceleration measurements are used to identify a critical 
threshold for the size of elevated areas, which indicates 
that process stability is endangered. 
2.3 Acceleration sensor 
For evaluation of process disturbances during the powder 
deposition an acceleration sensor system as presented 
in [11] is used. This system captures the emerging 
contacts between recoating mechanism and elevated 
regions of components using a Piezo-electrical 
accelerometer which is integrated at the recoating lever 
of the LBM system (figure 2). This integration concept 
enables a simple retrofit of the measuring device inside 
the LBM system. Moreover a low-loss and direct value 
recording for quick and reliable assessment of process 
stability is feasible.  
To ensure that acceleration recording is only performed 
when the recoating mechanism passes the region of the 
building platform the measurements are triggered using a 
proximity sensor.  
Figure 2: Integration of acceleration sensor at the 
recoating mechanism  
To reduce fundamental oscillations, which originate from 
the coater blade movement and could falsify the 
measurements, an optimum recoating speed of 85 mm/s 
was determined [11]. For process monitoring purposes 
the system is able to notify irregularities to the operator 
via email or SMS when predefined values for the 
recorded acceleration values are exceeded. Moreover it is 
possible to interrupt the building process automatically to 
prevent a jamming of the recoating system at an early 
stage. The acceleration measurement system has been 
patented [21]. 
2.4 Alignment of Acceleration Measurements and 
Detected Elevations 
To enable comparison and combined analysis, 
acceleration measurement values and image-based 
elevation detection results have to be aligned.  
The image acquisition’s field of view (FOV) of the base 
plate is smaller than the range covered by the acceleration 
measurement, so the offset in x-direction is determined 
and converted into a time offset using coater blade 
velocity. The acceleration values of interest are then 
selected and extracted from the measurement data using 
the FOV width.  
The aligned acceleration and elevation area 
measurements are displayed for interactive analysis (see 
figure 4 and figure 5). 
2.5 Experimental Builds 
Critical Process Parameters  
In a first build process the influence of critical process 
parameter values on process stability was examined. For 
this purpose four rectangular components (10 mm by 
10 mm) were built (figure 4 and figure 5). One of these 
components was built using optimized standard 
parameters. For the other specimens laser power Pl was 
increased by 20 %, 40 % and 60 %, respectively. This 
leads to an increased energy input which may influence 
process stability negatively.  
Especially in the stage of transition between support 
structures and solid part an increased energy input might 
induce intensified balling formation, because the heat of 
fusion is only poorly conducted through the underlying 
powder material and support structures. 
To improve the support connection to the part in this 
certain region, special scanning strategies, known as 
downskin strategies, are used. Here an increased 
scanning speed reduces heat accumulation and resulting 
balling formation. Normally downskin strategies are 
applied for the duration of two layers after support 
connection. After that, standard hatch exposure strategies 
are used. Nevertheless too much energy input might 
induce balling phenomena at this stage, due to the fact 
that the heat conductivity through the two downskin 
layers is still poor. 
Critical overhanging geometries 
For examination of critical overhanging angles test 
specimens as presented in figure 3 were built with 
optimised process parameters. For statistical backup 
three identical specimens were built in one process. The 
specimens feature a resulting building height of 32 mm. 
Every 2.35 mm in z direction the overhanging angle 
increases by 5°. Taking into account the regimentation of 
VDI 3405-2 [8] the overhanging angle Q was illustrated 
at the front side of test specimens to estimate the critical 
value in case of process breakdown. 
Figure 3: Test specimen for examination of critical 
overhanging angles. Process breakdown occurred at 
layer height 24.040 mm which correlates to an 
overhanging angle Q  40°. 
Similar to the process stage of support connection, heat 
accumulation due to lower thermal conductivity of 
underlying material and resulting balling formation is the 
critical issue for overhanging geometries. To overcome 
this issue downskin exposure strategies are used for the 
overhanging areas as well. However there is a limit for 
stable processing of overhanging angles, which depends 
on the used material, process parameters and exposure 
strategy. 
The build process was evaluated using the analysis 
methods described in section 2.2 and section 2.4. To 
evaluate the process stability with increasing build 
height, obtained maximum acceleration and elevated area 
data was plotted over build height z for each layer (see 
figure 6). For the combined evaluation of acceleration 
occurring during the pass of the coater blade in a single 
layer, the sum of squared acceleration values for each 
layer was plotted additionally. 
3 Results and discussion 
3.1 Critical Process Parameters 
The impact of critical parameter settings on process 
stability was evaluated using the analysis methods 
described in section 2.2 and section 2.4. Figure 4 shows 
a comparison between the measured acceleration and the 
elevated area obtained from image analysis at layer 
1.120 mm. The transition from support structure to solid 
part took place at layer 1.000 mm, which means that 
downskin exposure was finished at layer 1.040 mm. Both 
plots show an increasing tendency for elevated part 
regions with increasing laser power.  
Figure 4: a) Measured acceleration plotted over x 
position in the field of view for z position 1.120 mm, 
b) Accumulated elevated area obtained from image-
based elevation analysis in the same layer, c) Input image 
of powder layer, elevated areas are highlighted. 
Figure 5 shows the same analysis for layer height 
1.420 mm. Here, it can be seen that the tendency 
observed at layer height 1.120 mm is no longer 
recognizable.  
Both measured acceleration and elevated areas seem to 
range at nearly identical levels. Furthermore the 
maximum values were reduced from about 9 m/s2 to 
5 m/s2 for the acceleration measurement and from 
0.14 mm2 to 0.024 mm2 for the elevated area obtained 
from powder image analysis 
Figure 5: a) Measured acceleration plotted over x 
position in the field of view for z position 1.420 mm, 
b) Accumulated elevated areas obtained from image-
based elevation analysis in the same layer, c) Input image 
of powder layer, elevated areas are highlighted. 
It can be conducted that the thickness of the underlying 
bulk material at layer height 1.420 mm is obviously 
sufficient to conduct the heat of fusion fast enough from 
the process zone to reduce balling phenomena. This 
means that an increased energy input is primarily critical 
at the transition from support to solid part. The specimens 
used for this experiment measure 10 mm x 10 mm. It is 
to be expected that parts with larger support connection 
area will show consequently more elevated regions, 
which may result in higher resistance forces during 
powder deposition. This may finally cause a jamming 
and in a worst case scenario a process breakdown. If large 
support connection areas are inevitable and the used 
powder material requires high energy input for stable 
processing a suitable strategy to increase process stability 
could be the application of a “post downskin exposure 
strategy” for a few layers (5…10 layers). It provides a 
defined transition range, so that a normalization of heat 
conduction can attune and balling phenomena are 
reduced. The same effect may take place when downskin 
exposure would be applied for more layers. To overcome 
increasing porosity in the layers after the downskin, 
which could occur if low energy parameter sets are used, 
parts should be furnished with a material allowance to 
remove these regions in post processing, which is 
necessary either way to remove support structures. 
3.2 Critical overhanging geometries 
Figure 6 shows the summarized results from the critical 
overhanging test build. The parts were built with support 
structures of 1 mm height. After support structures are 
completed the transition to solid material comes along 
with downskin exposure strategy. At this point both 
measurement systems show very high results for 
acceleration values respectively elevated area. 
Figure 6: Evaluation of critical parameter test built. 
Regions of interest (support transition stage at z = 1 mm 
and beginning of unstable processing behavior at 
z = 17 mm) are marked additionally. a) evaluation of 
image analysis, respective analysis parameters are 
plotted over build height z. Top: summed elevated area, 
middle: mean elevated region area, bottom: summed 
total number of elevated regions b) evaluation of 
acceleration analysis, respective analysis parameters are 
plotted over build height z top: maximum acceleration, 
bottom: sum of squared acceleration values per layer 
This can be traced to enhanced balling formation and 
resulting elevated regions similar to the observations 
made during the critical process parameter study. 
After the downskin stage the respective plots tend to 
show an almost evenly course, except the number of 
elevated regions which displays several irregularities. 
Both plots of acceleration values show some outliers as 
well. This may originate from enhanced weld sputter 
formation during the LBM process, which causes slightly 
elevated regions. However process stability is not 
endangered in this stage. 
From a build height of about 17 mm acceleration values 
and mean region area start to increase. The number of 
elevated regions seems to be stable at about 
200 to 400 regions. The plot of total elevated area starts 
to increase slightly. These tendencies continue until 
process breakdown occurs at 24.040 mm, which 
corresponds to an overhang angle of Q  40°. 
The increased acceleration values indicate that more and 
more elevated regions cause serious contact between 
coater blade and overhanging part regions. The increase 
of mean elevated region area with reduced and almost 
constant count of elevated regions shows that fewer but 
larger part regions are affected by balling formation. This 
leads to the conclusion that the limit for stable processing 
is reached, which is confirmed by the increasing 
acceleration values.  
To obtain a detection threshold for image analysis a 
critical size for the total elevated area at a single x 
position was determined. This quantity provides an 
estimate of the severity of elevations encountered by the 
coater blade at any time during the powder deposition, as 
it travels in x direction. The threshold was set to 0.1 mm2 
and layers exceeding it are highlighted in figure 6a (top), 
which shows a good correlation to the starting increase 
of acceleration values. During the stage of support 
transition the threshold of critical elevation area is 
exceeded as well for about ten layers, which is backed by 
the sum of squared acceleration in figure 6b (bottom) that 
indicates many contacts between coater blade and part. 
But in contrast to the stage before process breakdown 
these elevations disappear quite quickly and maximum 
acceleration stays below the values observed during 
critical process stage so that process stability is not 
endangered.  
4 Summary and outlook 
Two approaches for analysing process stability were 
presented. The results of critical process parameter and 
critical geometry studies showed a good correlation 
between image analysis and acceleration measurements 
concerning the detection of process instabilities such as 
balling formation. Moreover acceleration measurements 
were used to train a threshold for image-based elevation 
detection, which enables highlighting of critical layers. 
For future work this methodology could be used to 
establish a material specific knowledge base. Here 
different process aspects such as critical geometry 
features, critical parameter sets, part orientation or 
powder quality could be examined with benchmarking 
test builds. This enables a better understanding of the 
cause of process breakdowns and could reduce them by 
using appropriate strategies e.g. adapted overhanging 
exposure.  
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